Introduction {#Sec1}
============

Seed vigor determines the potential for rapid and uniform emergence of plants under a wide range of field conditions^[@CR1],[@CR2]^. Seedling vigor mainly reflects seedling weight or height, which usually neglects germination speed^[@CR3],[@CR4]^. Moreover, most experimental conditions involved in seedling vigor in these studies (germination time, temperature, management, etc.) were different with standard germination testing in seed industry. Nowadays, seed industry uses seed vigor to evaluate seed quality. High seed vigor is associated with the potential for increasing growth and productivity in agricultural production^[@CR5]^. However, standard testing of seed vigor needs one or more weeks, which is labor intensive and time consuming. Therefore, there is tremendous interest in and demand for exploring rapid testing methods for seed vigor.

Seed weight and seed nutrient content affect plant growth at seedling stage^[@CR6],[@CR7]^. Previous studies show a close relationship between seed size or weight and early vigor in rice^[@CR3],[@CR8]^. In general, rice seed with thin hull and large embryo are desirable for seed vigor^[@CR8]^. Seed weight was correlated with plant growth at low P supply up to the flowering stage in soybean, and the effect of seed weight at low P conditions was larger than that at high P conditions^[@CR6]^. Seedling vigor was remarkably related to seed size and protein concentration, but was most closely correlated with protein content per seed in wheat^[@CR7],[@CR9]^. Seed mass and total oil + protein calorie content of the individual quiescent cotton seed was strongly associated with early seedling vigor in upland cotton^[@CR10]^.

Seed storage nutrients (carbohydrates, lipids, proteins, etc.) are crucial for seed vigor, but which one trait can be used to evaluate seed vigor needs further study. Seed carbohydrate reserve is important for rice seed vigor because that breakdown of the starch stored in the endosperm provides carbohydrates for germination and heterotrophic growth^[@CR11]^. Seed protein content is known to vary considerably affecting by species, genotype and environment. The effect of seed protein content on seedling vigor has been studied in many species, such as wheat, barley and oats^[@CR4],[@CR12]--[@CR14]^. Nitrogen mobilization from storage protein is required to meet the amino acid demands at the early stage of germination^[@CR15]^. In low fertility conditions, seedling vigor are strongly influenced by nitrogen from seed reserves in soybean^[@CR16]^. When seed need to be deep seeding under low soil moisture, a cost-effective method for increasing wheat seedling vigor is increasing seed protein content by nitrogen fertilization of mother plants^[@CR17]^. Changes of protein concentration in rice seed had no effect on germination rate and energy, which might be due to the decrease in protein content at elevated carbon dioxide concentration (CO~2~) did not exceed a threshold value^[@CR18]^. For many crops, seed contain sufficient P to sustain optimal growth of seedlings for several weeks after germination^[@CR19]^.

In this study, we found that the absolute content of protein in wheat seed and maize seed was significantly correlated with plant dry weight at seedling stage. The objective of this study was to explore if the absolute content of protein in seed could be applied in rapid evaluation of seed vigor. In addition, this method could potentially be used for processing and screening high vigor seeds.

Results {#Sec2}
=======

Correlation analysis of plant dry weight and wheat seed traits {#Sec3}
--------------------------------------------------------------

In our previous study, we found that protein metabolism and nitrogen metabolism play an important role in seedling establishment and seed vigor. To study if there is a seed trait can be used to evaluate plant dry weight and seed vigor, we designed a series of experiments. In each experiment, we first tested 100-grain weight and the relative content of protein (RCP, %) in seed and then calculate the absolute content of protein (ACP, mg seed^−1^) in wheat seed. Moreover, we used standard germination test to detect plant dry weight and seed vigor. In experiment A, wheat seed produced under different nitrogen level (four nitrogen level: 0 kg/ha, 168 kg/ha, 240 kg/ha (the usual nitrogen fertilizer level for winter wheat production in the North China Plain) and 300 kg/ha). Correlation analysis showed that RCP in wheat seed was significantly correlated with 100-grain weight and ACP in wheat seed, and plant dry weight was remarkably correlated with ACP in wheat seed (Fig. [1A](#Fig1){ref-type="fig"}). Wheat seeds coming from big spike of experiment A were used in experiment B, and correlation analysis result was consistent with that in experiment A (Fig. [1B](#Fig1){ref-type="fig"}). Wheat seeds in experiment C and D came from different parts of spike (top 1/4, middle 1/3 and bottom 1/4) under N0 and N240 treatments, respectively. Among these seeds, there were significantly different in plant dry weight and seed vigor. Correlation analysis of experiment C and D showed that there was no significant correlation between 100-grain weight and RCP in wheat seed (Fig. [1C,D](#Fig1){ref-type="fig"}). Wheat seed produced under different irrigation after anthesis (two water level: normal irrigation and no irrigation with control rainfall) was used in experiment E. The results showed that there was no significant correlation between RCP in wheat seed and ACP in wheat seed. Therefore, after merged results of the five experiments, we found that only ACP in wheat seed was significantly correlated with plant dry weight.Figure 1Correlation analysis of seed traits and seedling traits in wheat. (**A**) Wheat seed produced under different nitrogen level. Four nitrogen level: N0 (0 kg/ha), N168 (168 kg/ha), N240 (240 kg/ha, the usual nitrogen fertilizer level for winter wheat production in the North China Plain) and N300 (300 kg/ha). (**B**) Wheat seed came from big spike of experiment A, and other treatments of experiment B was the same with experiment A. (**C** and **D**) Wheat seed came from different parts of spike (top 1/4, middle 1/3 and bottom 1/4) under N0 and N240 treatments, respectively. (**E**) Wheat seed produced under different irrigation after anthesis. Two water level: normal irrigation and no irrigation with control rainfall. RCP: the relative content of protein (%). ACP: the absolute content of protein (mg seed^−1^). Asterisks denote a significant correlation (\*p \< 0.05; \*\*p \< 0.01).

ACP in wheat seed can be used to evaluate plant dry weight and seed vigor {#Sec4}
-------------------------------------------------------------------------

To study whether ACP in wheat seed can be used to evaluate plant dry weight and seed vigor, we used 30 wheat seed lots (including 27 wheat cultivars seeds produced in normal regional trial, two wheat cultivars seeds produced under drought condition and one wheat cultivars seeds produced under low nitrogen condition) stored about 6 months at room temperature to validate the above results. Correlation analysis showed that ACP in wheat seed was significantly correlated with plant dry weight (R = 0.897, Table [1](#Tab1){ref-type="table"}). Although 100-grain weight was also significantly correlated with plant dry weight (R = 0.799), the correlation coefficient was lower than that between ACP in wheat seed and plant dry weight. Moreover, the correlation coefficient between ACP in wheat seed and shoot dry weight (R = 0.749) or root dry weight (R = 0.749) was lower than that between ACP in wheat seed and plant dry weight (R = 0.897) which was the biggest one in Table [1](#Tab1){ref-type="table"}. Therefore, it would be better to use ACP in wheat seed to predict plant dry weight. In addition, ACP in wheat seed could also be applied in evaluating vigor of seed which was newly harvested or short time storage due to little difference in germination index. ACP in wheat seed could potentially be used for processing and screening high vigor seeds.Table 1Correlation analysis between seeds and plants by using 30 wheat seed lots.100-grain weightRCP in wheat seedACP in wheat seedPlant dry weightShoot dry weightRoot dry weight100-grain weight1−0.2720.837\*\*0.799\*\*0.602\*\*0.742\*\*RCP in wheat seed−0.27210.2910.1660.272−0.014ACP in wheat seed0.837\*\*0.29110.897\*\*0.749\*\*0.749\*\*Plant dry weight0.799\*\*0.1660.897\*\*10.857\*\*0.810\*\*Shoot dry weight0.602\*\*0.2720.749\*\*0.857\*\*10.393\*Root dry weight0.742\*\*−0.0140.749\*\*0.810\*\*0.393\*1RCP: the relative content of protein (%). ACP: the absolute content of protein (mg seed^−1^). Asterisks denote a significant correlation (\*p \< 0.05; \*\*p \< 0.01).

Regression analysis of ACP in wheat seed and plant dry weight {#Sec5}
-------------------------------------------------------------

We used the above six experiments to further analyzed regression analysis of ACP in wheat seed and plant dry weight. The regression equation was different among six experiments, but the overall trend was similar (R^2^ range: 0.7612--0.9341, Fig. [2A--F](#Fig2){ref-type="fig"}). Degree of fitting analyzed by using seeds of N0 and N240 (Fig. [2C](#Fig2){ref-type="fig"}) was similar with that analyzed by using only N0 seeds or only N240 seeds (Fig. [2D](#Fig2){ref-type="fig"}). Regression analysis of validated experiment using 30 wheat seed lots showed that degree of fitting was high (R^2^ = 0.8046, Fig. [2F](#Fig2){ref-type="fig"}).Figure 2Regression analysis of ACP in wheat seed and plant dry weight at seedling stage. (**A**) Wheat seed produced under different nitrogen level. Four nitrogen level: N0 (0 kg/ha), N168 (168 kg/ha), N240 (240 kg/ha, the usual nitrogen fertilizer level for winter wheat production in the North China Plain) and N300 (300 kg/ha). (**B**) Wheat seed came from big spike of experiment A. (**C** and **D**) Wheat seed came from different parts of spike (top 1/4, middle 1/3 and bottom 1/4) under N0 and N240 treatments, respectively. (**E**) Wheat seed produced under different irrigation after anthesis. Two water level: normal irrigation and no irrigation with control rainfall. (**F**) Thirty wheat seed lots included 27 wheat cultivars seeds produced in normal regional trial, two wheat cultivars seeds produced in drought condition and one wheat cultivars seeds produced in low nitrogen condition. ACP: the absolute content of protein (mg seed^−1^).

Correlation analysis of plant dry weight and maize seed traits {#Sec6}
--------------------------------------------------------------

To validate whether ACP in maize seed can be used to evaluate plant dry weight, we designed three experiments (MA, MB and MC). In each experiments, we used maize seed produced under normal irrigation and drought stress after anthesis. We first tested 100-grain weight and RCP in maize seed and then calculate ACP in maize seed. Moreover, we used standard germination test to detect plant dry weight and seed vigor. Maize seeds in experiment MA came from different parts of ear (top 1/4, middle 1/3 and bottom 1/4) of maize inbred line Z58. Plant dry weight and seed vigor was also significantly different among seed of different parts of maize ear. Correlation analysis showed that plant dry weight was significantly correlated with 100-grain weight, RCP in maize seed and ACP in maize seed, and 100-grain weight was remarkably correlated with ACP in maize seed (Fig. [3A](#Fig3){ref-type="fig"}). In experiment MB, maize seed came from different parts of ear (top 1/4, middle 1/3 and bottom 1/4) of maize cultivar ZD958. The results was similar with that of experiment MA, but there was no significant correlation between plant dry weight and RCP in maize seed (Fig. [3B](#Fig3){ref-type="fig"}). In experiment MC, we used two maize inbred lines (Z58 and C7-2) and one maize cultivar (ZD958) as materials, and seed came from the middle part of ear. The results were the same as that in experiment MB except different correlation coefficient (Fig. [3C](#Fig3){ref-type="fig"}). Comprehensive analysis of the above three experiments, plant dry weight was significantly correlated with 100-grain weight and ACP in maize seed, and100-grain weight was remarkably correlated with ACP in maize seed. Although plant dry weight was significantly correlated with 100-grain weight, the correlation coefficient was lower than that between plant dry weight and ACP in maize seed (R range: 0.929--0.964) in the above three experiments. Therefore, it would be better to use ACP in maize seed evaluating plant dry weight. Correlation coefficient between plant dry weight and ACP in maize seed was higher than that in wheat seed. Moreover, ACP in maize seed could also be used for evaluating vigor of seed which was newly harvested or short time storage due to little difference in germination index. ACP in maize seed could potentially be applied in processing and screening high vigor seeds.Figure 3Correlation analysis of seed traits and seedling traits in maize. (**A**) Maize seed came from different parts of ear (top 1/4, middle 1/3 and bottom 1/4) of maize inbred line Z58. (**B**) Maize seed came from different parts of ear (top 1/4, middle 1/3 and bottom 1/4) of maize cultivars ZD958. (**C**) Maize seed came from the middle part of ear in two maize inbred lines (Z58 and C7-2) and one maize cultivar (ZD958). All maize seed produced under two water level, i.e. normal irrigation and no irrigation with control rainfall. RCP: the relative content of protein (%). ACP: the absolute content of protein (mg seed^−1^). Asterisks denote a significant correlation (\*p \< 0.05; \*\*p \< 0.01).

Regression analysis of ACP in maize seed and plant dry weight {#Sec7}
-------------------------------------------------------------

We used the above three experiments to further analyzed regression analysis ACP in maize seed and plant dry weight. The regression equation was different among three experiments, but the overall trend was similar (R^2^ range: 0.8628--0.9291, Fig. [4](#Fig4){ref-type="fig"}). Degree of fitting analyzed by using Z58 and ZD958 seeds (Fig. [4A](#Fig4){ref-type="fig"}) was similar with that analyzed by using only Z58 seeds or only ZD958 seeds (Fig. [4B](#Fig4){ref-type="fig"}). Degree of fitting between plant dry weight and ACP in maize seed was higher than that in wheat seed.Figure 4Regression analysis of ACP in maize seed and plant dry weight at seedling stage. (**A**) Regression analysis of ACP in maize seed and plant dry weight by using all seeds in experiments MA and MB. (**B**) Two regression analysis of ACP in maize seed and plant dry weight by using seeds in experiments MA and MB, respectively. (**C**) Regression analysis of ACP in maize seed and plant dry weight by using seeds in experiment MC. ACP: the absolute content of protein (mg seed^−1^).

Discussion {#Sec8}
==========

Seed vigor can be evaluated by many methods, such as vigor index, accelerated aging test and cold test^[@CR20],[@CR21]^. There was no universal seed vigor testing methods, due to seed vigor influenced by species, genotype and environment conditions. The most widely used methods are standard germination test and accelerated aging test. Seed vigor is more complex than seedling vigor^[@CR22]^. In some cases, trends of seedling vigor are consistent with seed vigor. However, seedling vigor might be different with seed vigor in seed stored long time.

Although seed weight was correlate with seed vigor and seedling vigor in most cases, ACP in seed was more suitable for evaluating plant dry weight and seed vigor. Many studies have evaluated the relationship between seed weight and seedling growth among different species^[@CR23]^. Large seed are usually assumed to be advantageous for seedling establishment in nutrient-limited conditions, but little consistent evidence to support this hypothesis^[@CR23]^. Wheat seedling vigor was remarkably increased by seed weight and percent protein in growth chamber experiments, but most of the variation was attributed to the amount of nitrogen in the seed and not to seed weight or the percentage protein^[@CR24]^. The results was similar with this study. Altogether, our results indicate that the correlation coefficient between ACP in wheat seed and plant dry weight was higher than that between 100-grain weight and plant dry weight.

Snider observed positive association between mean oil and protein kcal content per seed and seedling vigor in cotton^[@CR10]^. Oil and protein are predominant storage nutrients in cotton seed, and which one is more important for seedling vigor is still unclear. Oil and protein of seed may be all limiting factor for seedling vigor in cotton. In wheat seed, starch and protein are main storage nutrients, and the total weight of starch and protein is approximate seed weight. In this study, we also found that seed storage protein played an important role in seedling growth and seed vigor. Starch might also affect seed vigor, but starch content in wheat seed is usually not too low compared with other storage nutrients. In general, starch content may be not limiting factor for seed vigor in wheat. Therefore, it would be better to use ACP in wheat seed evaluating plant dry weight or seed vigor.

Seed protein content usually means the relative content of protein (RCP, % or mg/g) in seed in previous studies^[@CR25]^. Only few studies analyzed the absolute content of protein (ACP, mg seed^−1^) in seed influenced on seedling vigor^[@CR7]^. When seed with high RCP in seed and low seed weight was used in experiment, there was no significant correlation between RCP in seed and plant dry weight. Collectively, ACP in seed was better than RCP in seed for evaluating plant dry weight and seed vigor.

Seed vigor prediction could decrease production risks associated with poor stand establishment or influence early season management decisions^[@CR10]^. In previous studies, nitrogen and protein content of seed were usually determined by the microKjeldah1 procedure^[@CR12],[@CR13],[@CR24]^. The method need grind seed and relative long testing time, which is difficult to meet rapid and nondestructive testing seed vigor. In this study, we used near-infrared spectrum to detect RCP in seed and then multiply RCP in seed by seed weight to calculate ACP in seed. ACP in seed could be used to predict plant dry weight and seed vigor.

In conclusion, the absolute content of protein in wheat seed and maize seed was significantly correlated with plant dry weight at seedling stage. RCP in crop seed detected by near-infrared spectrum combining with seed weight could realize rapid and nondestructive ACP in crop seed. Thus, ACP in crop seed could be applied in rapid evaluation of seed vigor and plant dry weight at seedling stage within the same crop. Moreover, ACP in crop seed could potentially be used to process and screen high vigor seeds.

Materials and Methods {#Sec9}
=====================

Materials {#Sec10}
---------

Wheat seeds were produced in field trials in Dongwu Village (35°57′N and 117°3′E, Dawenkou Town, Tai'an City, Shandong Province, China) during the period of wheat growth (October--June) in 2014--2015 and 2015--2016. Wheat seeds came from several experiments with nitrogen fertilizer application treatments (2014--2015), irrigation treatments (2015--2016) and normal regional trial (2015--2016). We set four nitrogen fertilizer levels (0 kg/ha, 168 kg/ha, 240 kg/ha (the usual nitrogen fertilizer level for winter wheat production in the North China Plain) and 300 kg/ha in nitrogen fertilizer experiment. In other experiments, 240 kg/ha nitrogen fertilizer was applied. Phosphorus and potassium fertilizers were applied at rates of 120 kg/ha P~2~O~5~ and 75 kg/ha K~2~O, respectively. Base fertilizer was composed of 40% nitrogen fertilizer, 100% phosphorus fertilizer and 60% potassium fertilizer. At jointing stage, the residual 60% nitrogen fertilizer and 40% potassium fertilizer were used as topdressing. Irrigation, diseases, and insect pests were adequately controlled. Maize seeds were produced in the field trials during the period of maize growth (June--October) in 2015. Maize seeds came from several experiments with irrigation treatments. After anthesis, we set two water level, i.e. normal irrigation and no irrigation with control rainfall. Phosphorus and potassium fertilizers were applied before sowing at rates of 75 kg/ha P~2~O~5~ and 100 kg/ha K~2~O, respectively. Nitrogen fertilizer was applied as topdressing at jointing stage (60 kg/ha) and large-bell stage (60 kg/ha), respectively. The area has a semi-humid continental temperate monsoon climate. The soil type is sandy loam.

Seed moisture content and 100-grain weight {#Sec11}
------------------------------------------

Seed moisture content was detected with DA7200 (Perten, Stockholm, Sweden)^[@CR26]^. Three replications of 100 seeds were randomly selected from each treatment for 100-grain weight measurement.

Seed protein content assessment {#Sec12}
-------------------------------

The relative content of protein (RCP, %) in seed was detected with DA7200 (Perten, Stockholm, Sweden) based on near-infrared spectrum^[@CR27],[@CR28]^. Multiply RCP by seed weight to calculate the absolute content of protein (ACP, mg seed^−1^) in seed.

Evaluation of seedling and seed vigor {#Sec13}
-------------------------------------

Standard germination tests were conducted according to the International Seed Testing Association with minor modifications^[@CR29]^. Germination boxes (17 cm length, 11 cm width and 7 cm height) were used in this study. Sprouting bed was consisted of fine silica sand with a diameter of 0.05 to 0.8 mm. In per germination box, base sand was consisted of 4 cm height silica sand with 60% saturation moisture content. Randomly selected 100 wheat seeds (or 50 maize seeds) were sowed in the surface of base sand, and then the seed were covered with 2 cm height silica sand with 60% saturation moisture content. All germination boxes were placed in a growth chamber at 20 ± 1 °C for wheat (or 25 ± 1 °C for maize), 70% relative humidity, illumination conditions of 4000 lux and 24 h light photoperiod for eight days (wheat) or seven days (maize). At 3 days after imbibition (DAI), the lids of germination box were removed and then seedlings were sprayed with water about 20 mL/d from germination 4 to 8 DAI (wheat) or 7 DAI (maize). At germination 8 DAI (wheat) or 7 DAI (maize), seedlings were washed to remove silica sand, and then the remained seeds were removed from seedlings. Meanwhile, we record the number of seedlings per day that were used to calculate germination index (GI) and vigor index (VI). GI = ∑ (Gt/Dt), where Gt is the number of the germinated seed on day t and Dt is time corresponding to Gt in days. VI = GI × S, where S is plant dry weight.

Measurements of seedling dry weight {#Sec14}
-----------------------------------

Seedling dry weight was assessed by shoot dry weight, root dry weight and plant dry weight. Shoot and root were separated to measure dry weight. Shoot and root were heated in an air oven at 105 °C for 30 min, and then dried to constant weight at 80 °C. Plant dry weight is equal to shoot dry weight plus root dry weight.

Statistical analysis {#Sec15}
--------------------

Correlation analysis and regression analysis were performed using SPSS 19.0 software (SPSS, Inc., Chicago, USA).
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